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1. General

Beryllium (Be), atomic number 4, is a silver gray metal of low density (1.85g/cm?), moderately
high melting point (1289°C), and quite good stability in the atmosphere. Favorable mechanical
properties, particularly specific stiffness (elastic modulus/density), have resulted in a number of
weight-critical structural applications. Other notable properties of beryllium include good
dimensional stability, high specific heat and extremely high transparency to X-radiation. The
nuclear properties of beryllium include a high neutron scattering cross section (6 barns for
thermal neutrons) and a low neutron absorption cross section (0.009 barns for thermal neutrons)
making it a good choice for a neutron reflector. The (n, 2n) reaction in beryllium also makes it
suitable for a neutron multiplier.

The use of Be for structural applications is limited by its low temperature brittleness which
results in poor resistance to impact and low fracture toughness. This brittleness is a result of the
hexagonal closed packed (HCP) crystal structure and cannot be substantially reduced by
purification or heat treatment. However, the mechanical and physical properties of beryllium are
affected by the grain size, microchemistry, thermal treatment and mechanical working.

Be is processed to different grades for various applications. Structural grades (e.g. Materion
Corporation S65C, S200E, S200F) provide the best combination of ductility and strength.
Furthermore, these grades are the most versatile. Instrument grade materials are optimized to
provide the least distortion in aerospace guidance instruments. Also, instrument grades are
optimized to provide the best precision elastic limit, which is the maximum stress which can be
applied before one pin of plastic strain is produced. Optical grade materials are optimized for
reflectivity, thermal expansion and polishing characteristics. The principal application is satellite
Mmirrors.

Structural grades of Be are emphasized in this compilation of data, and specifically, block forms
of structural grade material are emphasized. Several excellent compilations of information on Be
already exist (see bibliography). In 2010, the American Society of Materials (ASM) published a
handbook on Be, “Beryllium and Beryllium Alloys.” The reader should refer to these
compilations as well as the considerable more data available in the references, for additional
insight into specific properties and behavior of Be. Furthermore, the reader should consult the
listed references for experimental details before using data in this handbook.

1.01 Commercial Designations

There have been two commercial manufacturers of Be products, Materion Corporation
and Kawicki Berylco Industries.

1.011 Materion Corporation:

Materion Corporation is currently the only U.S. commercial source of Be products. The
organization originated in 1931 as Brush Wellman, Inc. In 2011, the name was changed to
Materion Corporation. Materion Corporation manufactures beryllium and beryllium containing
alloys beginning with ore reserves and mining operations to processing of raw material through
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extraction refinement to fabrication of shapes. Material Corporation produces mill products
including powders and pressed forms, wrought forms, machined forms, and coatings.

Materion Corporation has manufactured and continues to manufacture several structural grades
of Be block. These include the S100 series and the S200 series (D, E, and F) and S65. The S200
series is versatile, and is most frequently used for parts machined from pressed block. The S65
material is a premium Be which is guaranteed to exhibit a minimum 3% tensile elongation at
room temperature in any test direction. Control of both chemistry and powder characteristics
allow this strain capacity.

S200D and S200E have the same specified impurity limits, however, the difference in powder
origins can make the actual impurity levels and subsequent physical properties different. The
type D material is made from a blend of virgin, prime virgin and recycled powders, while the
type E materials are made from virgin and prime virgin powder only. The recycled powder is
made by the attrition of beryllium chips returned from machining operations. The virgin powder
is made from vacuum melted ingots of previously hot pressed material, and the prime virgin
powder is made from vacuum melted ingots of material having no previous hot pressing history.
The powder made from vacuum melted ingots produces material with more uniform particle size
and impurity levels. The difference in grain size is due to the use of a —325 mesh screen for the
E material versus a —200 mesh screen for the D material.

The S200E and S200F materials differ in that the starting powders are prepared by different
methods. The S200F powder is size reduced by impact grinding while the S200E powder is size
reduced by attrition milling. The attrition milling produces slightly higher impurity contents, and
flat, flakelike particles that result in anisotropic product materials. S200F has increased strength
and ductility as well as lower anisotropy when compared with S200E.

S65 is a Be material with higher purity levels than the S200 materials. The oxide content is
lower, and the Fe and Al contents are lower and balanced to achieve higher ductility. The
powder for the pressed block is impact ground. This material has a minimum ductility of 3% in
any direction at room temperature.

1.011 Kawecki Berylco:

Kawecki Berylco Industries Inc. was formed from a merger of The Beryllium Corporation of
America (BCA) and Kawecki Chemical Inc. in 1968. The beryllium manufacturing plant was
the former BCA plant that operated in Hazelton, PA beginning in 1957. Kawecki Berylco was
sold in 1970 to the Cabot Corporation.

Kawicki Berylco manufactured several structural/high strength grades of block material
including HIP-50, HP-20, HP-10, HP-40, HP-21, HP-8 and CIP-HIP-1. The HIP-50 and CIP-
HIP-1 material are both high strength, high purity material manufactured by the isostatic
consolidation of fine particle size powder of electrolytic flake origin. HP-21, HP-20 and HP-10
are both produced by vacuum hot pressing of impact attritioned powder. HP-20 is a standard
grade however, while HP-10 was developed to withstand elevated temperatures and thermal
cycling.
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1.02 Commercial Specifications

1.021 Materion Corporation:

Commercial specifications for several structural grades of Materion Corporation beryllium,
specifically grades S200E, S200F, and S65 are given in Figures 1.021a-1.021c.

1.022 Kawecki Berylco:

Commercial specifications for two structural grades of Kawicki Berylco beryllium, specifically
grades HIP-50 and HP-21 are given in Figures 1.022a-1.022b.

1.03 Composition

1.031 Materion Corporation:

The composition and starting material characteristics for Materion Corporation S200D, S200E
and S200F are given in Figure 1.031a. Micrographs of the Materion S200D, Materion S200E,
Materion S200F and S65 materials are given in Figure 1.031b (1,2,3).

1.032 Kawecki Berylco:

The composition and starting material characteristics for Kawicki Berylco HIP-50 and HP-21 are
given in Table 1.032.

1.04 Forms and Conditions Available

Materion Corporation sells Be as 1) a mill product which encompasses powder and pressed
block; 2) wrought forms which encompass sheets, near net shapes, and extrusions; 3) formed
product by mechanical, chemical, electrochemical and electric discharge machining; and as
coatings fabricated by electrochemical methods. Kawicki Berylco produced Be as 1) a mill
product which encompassed powder and pressed block; 2) wrought forms which encompassed
sheets and extrusions; 3) flakes by electrolytic origin. Noncommercially, Be has also been
produced by plasma spray deposition. Be is used extensively in alloys.
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1.05 Special Considerations

1.051 Health hazards:

The health hazards for Be are as follows: Beryllium exposure can cause Chronic Beryllium
Disease (CBD) in those people who are genetically hypersensitive to beryllium. CBD is a lung
disease that, once acquired, is incurable, and which has an approximately 30% fatality rate. The
incidence of CBD in beryllium machinists has averaged about 15%. If one is in the 85% of the
population that is not genetically hypersensitive to beryllium, then there is essentially no problem
with beryllium or beryllium oxide exposure. However, if one belongs to the 15% of the
population that is hypersensitive to beryllium, a significant health hazard may exist if exposed,
even in a minor way, to beryllium or beryllium oxide. It has been reported that secretaries at
some beryllium plants acquired CBD, although they never went into the beryllium operational
areas. Genetic tests are currently under development to determine genetic hypersensitivity of
individuals to beryllium and beryllium oxide (4,5).

1.052 Exposure limits:

The current DOE exposure limit for airborne beryllium particles is 0.2 ug/m? for an eight hour
time-weighted average (6).

2. Physical and Chemical Properties

2.01 Structural Properties

2.011 Atomic Bonding:

The atomic bonding in beryllium is highly unusual for a metal (7,8,9). The bonding is metallic
in the a-axis basal plane, but has a covalent character to it in the c-axis direction perpendicular to
the basal plane. Figure 2.011 shows the density of electronic states curve for beryllium and
compares it to that of magnesium. For beryllium, there is a dip in the density of states near the
Fermi surface, while for magnesium there is a maximum. This leads to a departure in free
electron behavior for beryllium.

2.012 Crystal Structure:

The hexagonal crystal structure of Be is shown in Figure 2.012a. The atoms are situated at the
lattice points and at coordinates 2/3, 1/3, 1/2, or alternatively, 1/3, 2/3, 1/2. The environment of
the interior atom is different from those of an atom at a corner, and the atomic positions are not
translateable. The arrangement is considered a double lattice structure, and contains two atoms
per primitive unit cell. The lattice parameters are a = 2.285 A, ¢ = 3.583 A with a c¢/a ratio of
1.568, the smallest of all the elements (10). The effects of temperature on lattice constants are
shown in Figure 2.012b (11). The Be unit cell contains four tetrahedral interstices and two
octahedral interstices.
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2.013 Surface Structure:

The (0001) surfaces of beryllium exhibit an approximately 6% interplanar expansion which is
anomalously high for metals (12,13,14). This behavior is shown in Figure 2.013. It is thought to
be related to the unusual atomic bonding in beryllium. Any effect that this anomalous expansion
may have on the surface properties of beryllium has not been studied.

2.014 Crystallographic textures:

Polycrystalline Be exhibits distinct crystallographic textures, both in the as-fabricated state and
after plastic deformation. Figure 2.014a shows (0001) pole figures obtained by neutron
diffraction of Materion Corporation vacuum hot pressed beryllium materials (15). Hot pressing
made from attrited powder showed strong (0001) textures, while hot pressings made from impact
ground powder exhibited weaker (0001) textures. Hot rolling of beryllium (16) produces very
strong (0002) and (1010) textures, as shown in Figure 2.014b.

2.02 Thermal Properties

2.021 Melting point:

The melting point of Be between 1289 + 5°C (17).

2.022 Phase changes:

There is one phase change in cooling Be down from its melting point. From the melting point of
1289°C-1270°C, Be exists in a body centered cubic -Be crystal structure. Below 1270°C, the
crystal structure of Be is the hexagonal a-Be form (17).

2.023 Thermal conductivity and diffusivity:

The thermal conductivity of single crystal Be both perpendicular and parallel have been
measured at cryogenic temperatures. The values are listed below (18,19):

Perpendicular to c-axis Parallel to c-axis

12.2 Jecm/cm?ssec*°C @ -182.6°C 14.61 Jecm/cm?ssec*°C @ 181.1°C
14.6 Jscm/cm?ssec°C @ -194.2°C

25.3 Jecm/cm?ssec°C @ -250.5°C

Be is known for its high thermal conductivity to weight ratio. This combination of properties has
lead to the use of Be and BeO in the microelectronics industry. The thermal conductivity of
Materion S200F is 220 W/m+K at 298K (20). Thermal conductivity as a function of temperature
for Materion S200E, S200D and various grades of Be are shown in Figure 2.023a-c
(21,22,23,24,25). No anisotropy with pressing direction was found in the S200D material.
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Thermal diffusivity (thermal conductivity divided by the density and specific heat at constant
pressure) of Be is shown in Figure 2.023d (26).

2.024 Thermal expansion:

The linear thermal expansion of single crystal Be as a function of temperature and direction of
measurement (27) is shown in Figure 2.024a (28). The thermal expansion values for
polycrystalline Be will depend upon the degree of preferred orientation and the direction of
measurement. Figure 2.024b shows linear thermal expansion with temperature for a and c lattice
parameters measured within a polycrystalline material (29).

The linear thermal expansion of Materion S200F Be as a function of temperature (27) is shown
in Figure 2.024c. Also, the linear thermal expansion of Materion S200F is as follows:

L: 11.39x10°, T1: 11.57x10°, T2: 11.45x10¢ [5-65°C] (30)
The linear thermal expansion of Materion S200E Be is as follows:

L: 11.39x10°, T1: 11.76x10, T2: 11.82x10¢ [5-65°C] (30)

2.03 Other Physical Properties

2.031 Density:

The theoretical density of hexagonal o-Be is 1.8477 g/cm? at 298 K (20). The theoretical density
of cubic B-Be is 1.42 g/cm? at 1773 K (20).

A table of theoretical densities at various temperatures and pressures is given in Figure 2.031

31).

2.032 Electrical conductivity:

Be is a conductor at room temperature, with conductivity strongly influenced by the presence
and form of impurities. Electrical resistivity (inverse of conductivity) for Materion S200D as a
function of temperature is shown in Figure 2.032a. The electrical resistivity of other Be
materials as a function of temperature (32) are shown in Figure 2.032b.

2.033 Emittance:

The emittance of Be as a function of temperature is shown in Figure 2.033a-b (32,33).

2.034 Reflectance:

The normal spectral reflectance of Be as a function of temperature is shown in Figure 2.034 (32).
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2.04 Chemical Properties

2.041 Vapor pressure:

The vapor pressure of Be as a function of temperature is shown in Figure 2.041 (1). A mass
spectrometric study on the composition of Be vapor both above and below the melting point,
showed that the vapors consist of monatomic Be (34).

2.042 Corrosion resistance:

Galvanically beryllium is an electropositive metal and will corrode in certain galvanic cells. On
the emf scale, Be has an electrochemical potential of 1.85 electron volts.

2.0421 Water and aqueous salt solutions:

Be that is clean and free of surface impurities has exceedingly good resistance to attack in low-
temperature, high purity water. The corrosion attack in high purity water is typically less than 1
mil/year (35). Be of normal commercial purity, however, is susceptible to attack, primarily in
the form of localized pitting, when exposed to impure water (36). A Pourbaix diagram showing
potential vs. pH for the Be-H20 system is shown in Figure 2.0421a (37). The Pourbaix diagram
is only valid in the absence of substances with which Be can form soluble complexes (e.g. citric,
tartaric, oxalic and fluorine complexes, complexons, and pyro-, meta- and polyphosphoric
complexes) or unsoluble compounds (e.g. oxinate and beryllium ammonium phosphate)

Passive current density and corrosion current density as a function of pH for Materion S200D in
aqueous solution is shown in Figure 2.0421b. Anodic passivity was observed between pH 2 and
12.5 at potentials <0.6 V vs saturated calomel electrode, but below pH 2, the Be was subject to
uniform attack (38). The investigators found that Materion S200F performed the same as the
Materion S200D material (39).

Figure 2.0421¢ shows corrosion rates for Be in various aqueous salt solutions (40). Chloride,
fluoride and sulfate ions are notably the most critical contamination in aqueous corrosion. Pitting
of Be in aqueous baths containing chloride and sulfate ions has generally been attributed to
attack in areas anodic to the bulk of the metal (41). Figure 2.0421d shows pitting potential vs.
chloride concentration for Materion S200D. The voltage which corresponded to the onset of
pitting was found to decrease logarithmically with increasing chloride concentration (38).
Microprobe analysis of pitted Be surfaces has led to the following general conclusions: 1) Pitting
corrosion is determined by the distribution of alloy impurities; 2) Sites that have high
concentrations of iron, aluminum or silicon (probably in solid solution) tend to form corrosion
pits; 3) The corrosion sites are often characterized by the presence of alloy-rich particles which
are probably beryllides, although the particles themselves do not appear to be corrosion active; 4)
Pitting density is believed to be related to the number of segregated regions in the matrix
containing concentrations of iron, aluminum or silicon higher than concentrations present in the
surrounding areas. Be2C inclusions have also been noted for their reactivity with H20, resulting
in the formation of flowery white corrosion products in air or gelatinous product in an aqueous
environment (41).
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2.0422 Acids and bases:

Halogen acids react with Be at all concentrations at room temperature. Concentrated sulfuric
(H2S04) reacts slowly with Be, while dilute sulfuric reacts rapidly. Dilute nitric acid (HNO3)
does not react with the bulk form, but some reaction does occur with fine powders. Dilute acetic
acid (CH3COOH) reacts slowly with Be (42). Glacial acetic acid (CH3COOH) does not react
with either the bulk form or powder at room temperature. In general, increased temperature will
increase the reaction rate of Be with all acids.

Alkali hydroxides in solution vigorously attack Be. Slow reaction occurs in alkali carbonate
solutions. No reaction between ammonium hydroxide (NH4OH) and Be has been observed (42).

2.0423 Organic solvents:

Methyl alcohol in combination with water, freon or perchlorethylene reacts quickly with Be, as
does methyl ethyl ketone in combination with freon and water. Other solvents such as
trichlorethylene (stabilized) have no observable corrosion (40). A table of Be reaction in various
organic solvents is shown in Figure 2.0423 (43).

2.0424 Molten materials:

The resistance of Be to attack by a molten metal is influenced by the amount of oxygen present
in the system, since Be reduced most metal oxides. Any BeO formed is apparently nonprotective
because flaking occurs which exposes fresh surfaces and results in continuous Be weight loss
(42). Be has good corrosion resistance to most molten materials up to at least 650°C. Molten
Al however, reacts readily with Be. Pitting corrosion has been found for molten sulfur and
gallium at ~815°C (44).

2.0425 Gases:

When exposed to air, beryllium forms a protective oxide coating, similar to aluminum. The
coating contributes to oxidation resistance up to 600-700 °C, with a significant increase in the
oxidation rate at ~825°C. Figures 2.0425a-b show weight gain as a function of temperature in an
O2 atmosphere (31,45). The activation energy of the Be-Oz reaction has been calculated as 50.3
kcal/mole in the temperature range 750-950°C (31).

Be also reacts with Nz, the effects with temperature are shown in Figure 2.0425c. The trends are
similar to reactions with Oz, but the rates are slower. The activation energy of the Be-N2 reaction
has been calculated as 75 kcal/mole in the temperature range 725-925°C.

Appreciable reactions between Be and Ha, at a pressure of 2.6 cm Hg have not been observed in

the temperature range of 300-780°C (45). However, some evidence that hydrogen can be
interstitially absorbed into Be has been observed (31).
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The reactions of Be with both wet and dry CO2 are shown in Figure 2.0425d and were found to
be parabolic in the temperature range of 550-720°C (46). At 725°C, an increased rate of reaction
occurred after 60-70 hrs. Reaction products were BeO and Be2C. Be:C exposed to H2O created
CHa as a reaction product. The CHa reaction has been proposed as a cause for increased rates of
reaction observed between Be and wet COz at extended times (46).

Fluorine reacts with Be at room temperature, while chlorine, bromine, and iodine react at
elevated temperatures. HF, HCI, HCN, CO, NOz, H2S and CS: also react at elevated
temperatures (31). Reactions with H2, N2, O2, CO and CO:z at high temperature are shown in
Figure 2.0425¢ (40).

2.0426 Solids:

The reaction of some solid materials in intimate contact with Be have been measured. Figure
2.0426a lists reaction layer thickness between Be and Fe, Ni, stainless steel, U and UO: at
several temperatures (47). Minimal or no reaction was observed between Be and Ta, W, Cr
plate, Cb, Mo, Ti and Zr-0.5Mo in vacuum or CO2 atmospheres with <100-ppm H20 at 1022-
1112°F. Be did react with alumel, chromel, Cu, Ni, Nimonic 75, stainless steel, steel, U and Zr
(47). The results of similar studies are shown in Figures 2.0426b-c for Be and various metals
either in intimate contact or separated by interlayers in evacuated containers (48). Oxide
interlayers did not provide adequate protection to prevent interactions between materials (48).

2.04 Nuclear Properties

The principle isotopes and their respective half-lives are °Be, 0.4 seconds; 'Be, 53 days; *Be, 10-
16 seconds; *Be, stable; '’Be, 2.5x10° years (20). Be naturally occurs 100% as the isotope Be’.

Beryllium absorbs very little x-ray, gamma, or electromagnetic radiation. It also is an excellent
scatterer of neutrons. Nuclear reactions can be produced by neutrons, gamma rays, protons,
deuterons and alpha particles (31).

2.051 Neutrons:

Be acts predominantly as a scatterer of neutrons, changing their direction and reducing their
energy. Thus, Be has uses as a moderator and reflector material for nuclear fission reactors. The
total cross section (absorption + reflection) for low energy neutrons is shown in Figure 2.051a
(10,49,50), and for higher energy neutrons in Figure 2.051b (31).

Be readily parts with neutrons, making it useful as a neutron multiplier. Reactions with neutrons
are listed as follows:

Be’ (n, o) He®

In this reaction, the He® produced has a half-life of 0.82 seconds and undergoes radioactive
decay to Li®. Each Li® that then captures a neutron produces a helium atom and an atom of
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tritium by the reaction Li® (n, o) H®. The He® reaction of beryllium occurs at a slow rate, since
the neutron cross-section of the reaction is less than 50 mb.

Be’ (n, y) Be!?

This is a neutron capture reaction. For thermal neutron captures, the initial result of the capture
is to form Be!’ in a state 6.81 MeV above the ground state. This excited state disintegrates
practically immediately by either emitting a 6.81 MeV gamma ray or by the emission of two 3.4
MeV gamma rays in succession. The Be!® formed by the neutron capture is a very weakly
radioactive isotope of beryllium. Its half-life is 2,700,000 years and it decays to B!° by the
emission of a 0.55 MeV beta ray.

Be’ (n, 2n) Be®
This reaction may be a fairly significant source of neutrons.

2.052 Gamma Rays:

Figure 2.052 shows the gamma ray absorption coefficients of Be as a function of gamma ray
energy, and compares them to those of aluminum.

2.053 X-Rays:

Beryllium is known for its x-ray transparency, and is often used as a “window” in vacuum
environments so that x-rays are allowed to pass but a mechanical seal is still maintained. The
mass absorption coefficient of CuK, radiation (0.0254 cm) for Be is 1.007 cm?/gm (3).

2.06 Thermodynamic Properties:

2.061 Heat Capacity and Specific Heat:
Heat capacity and specific heat (heat capacity per unit mass) at constant pressure are defined in
the following equations:

C:(ﬁj c:EE
P dT/, P m

Cp = heat capacity at constant pressure
T = temperature (K)

H = enthalpy
Cp = specific heat at constant pressure
m = mass

Both quantities are given for Be through the equations listed below:
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Cp=(5.068 + 1.361x103T + 0.23x10°T? — 1.404x10°T-?) cal/K*mol
[25-1254°C] (53)

co = 1.830 J/g*K @ 298 K, 2.740 J/g-K @ 700 K (20)

The specific heat of Be as a function of temperature is shown in Figures 2.061a (36,51) and
2.061b (52,26) and 2.061d (31). Heat capacity values are also listed in Figure 2.062 (31).

2.062 Enthalpy. Entropy, Free Energy:

Several further thermodynamic properties defined as follows, including enthalpy, entropy, and
free energy:

]
H(T) =H,(298K)+ [ C,dT+ H,
298

C
S=S,(298K)+ I(—Tp-de+ Z%
tr

G (or F)=H-TS

T = temperature (K)

H = enthalpy

S = entropy

So = entropy at 1 atmosphere pressure

G, F = free energy

Hi(298K) is the enthalpy of formation at 298 K,

Htr is the enthalpy of transformation of the substance

So(298K) = entropy at 1 atmosphere pressure and at 298 K

H = 0 for elements in their most stable state at 298 K and 1 atmosphere pressure.

These values as a function of temperature for Be are listed in Figure 2.062 (31).

2.063 Enthalpy of fusion, sublimation, vaporization:

The heat of fusion for Be is 1357 J/g (20,53)
The heat of sublimation for Be is 35.5-36.6 J/g (20,54)

The heat of vaporization for Be is 25.5-34.4 J/g (20,55)
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3. Mechanical Properties

3.01 Single Crystal Be

3.011 Elastic Properties:

The elastic modulus and Poisson’s ratio for single crystal Be have been determined in both the
parallel and perpendicular directions to the basal plane. The data is shown in Figure 3.011a (56).

Elastic constants for Be are listed below:

c11=2.954, c12=0.259, c13=-0.01, ¢33 = 3.561, ca4 = 1.706 (56)
The unusually small value of the ci3 constant shows minimal coupling of stress between the c-
axis and the basal plane. Thus, stress concentrations can easily lead to basal plane cleavage (56).

The elastic constants as a function of temperature are shown in Figure 3.011b (57).

3.012 Slip Systems:

The slip planes and slip systems in Be are shown in Figure 3.012a-b (58). Slip can occur in the
basal, prismatic and pyramidal planes and is very anisotropic. Figure 3.012c shows the critical
slip stress along various planes as a function of temperature (56). At room temperature, the
critically resolved slip stress (CRSS) for basal planes is very much lower than other slip planes
and therefore, basal slip is by far the dominant slip system in Be. A study of anisotropy of slip,
basal plane cleavage and fracture stress in Be has found that increasing the purity (as low as 8
ppm) did not affect these properties, however alloying can substantially increase the CRSS (56).
CRSS as a function of impurity content and alloy content is shown in Figure 3.012d-e (56).

3.013 Fracture:

In beryllium, cracks are nucleated by basal plane slip (56), as shown in Figure 3.013a. Stroh
proposed the following fracture criterion for the formation of cracks by basal plane splitting (59):

4y ooy COS Y,
" nDr,
on = normal stress on the basal plane
y = angle between the basal plane and specimen axis
p = shear modulus
D is the specimen diameter
1s = effective resolved shear stress
vooo1) = fracture surface energy of the basal planes
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In the Stroh expression, the fracture stress increases with increasing basal plane fracture surface
energy. Alloying with copper has been observed to have little effect on the crack propagation
energy in the basal plane (60), as shown in Figure 3.013b. However, the basal plane fracture
surface energy of beryllium exhibits a tendency to increase with increasing temperature (61), as
shown in Figure 3.013c.

3.014 Hardness:

Single crystal measurements of Be have given values of Rockwell B-87 along the c-axis and B-
35 perpendicular to the c-axis (36). The hardness of beryllium is significantly higher on the
basal planes than on the prismatic planes (62), as shown in Figure 3.014a. While no
directionality of hardness is evident in the basal plane, significantly periodic maxima and minima
occur in the prismatic plane. Figure 3.014b shows beryllium hardness as a function of
temperature. Hardness anisotropy persists at temperatures up to 400°C (62).

3.0. Polycrystalline Be

3.021 Elastic properties:

Elastic moduli, shear moduli, shear rupture moduli and precision elastic limit (the stress required
to produce 107 inch/inch permanent strain) for Materion S200F have been measured at room
temperature. The data is presented in Figure 3.021a (30). The elastic modulus of Materion
S200E is reported to be 44 mpsi.(30). Elastic moduli and shear moduli as a function of
temperature for Materion hot pressed block Be is presented in Figure 3.021b (63). Elastic
modulus vs. temperature for two beryllium materials is shown in Figure 3.021c (44).

A Poisson’s ratio measured in various directions at room temperature is given for the Materion
S200F in Figure 3.021d (64).

3.022 Tensile properties:

A stress vs. strain curve for Materion S200F is given in Figure 3.022a, while further curves for
Materion S200E at various strain rates and temperatures for are shown in Figures 3.022b-c.
Stress-strain curves for KBI Be blocks at various strain rates are shown in Figure 3.022d (65).
Yield stresses increase with increasing strain rates. Effects of biaxial stress loading on the
strength of KBI Be is shown in 3.022¢ (65).

3.0221 Strength:

Tensile properties at various temperatures, orientations and radiation dose are given for Mateiron
S200F as well as Materion S200E and Materion S65 in Figure 3.0221a-g (3,30,64,66,67). The
properties include ultimate tensile strength, offset yield strength, yield point, reduction in area
and elongation.
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Both Materion S200 materials have anisotropic tensile properties, but the Materion S200F
properties are both greater and less anisotropic when compared with the Materion S200E. The
Materion S65 material does not show ultimate strength anisotropy, and the values are roughly
comparable with Materion S200E and S200F values.

Higher purity, finer grain size and higher oxide content increase the strength of Be. A small
inflection is sometimes observed at the yield point. Figures 3.0221h-i1 show the effects of grain
size and temperature on the tensile yield and ultimate strength of KBI Be block (65). The effects
of biaxial stress on the yield strength and ultimate strength for KBI block is shown in Figure
3.0221j (65). The highest values occurs under pure shear loading conditions.

3.0222 Ductility:

The brittleness, or low ductility of Be at temperatures below ~200°C has been a limitation for the
material in applications. The preference for slip along the basal planes leads to the low ductility.
Ductility values for material having the basal plane aligned with the tensile axis leads to high
ductility values (e.g. >20% for sheet) in the tensile direction and low values in the normal
direction. Low ductility is inherent to Be, and advances have not resulted in ductility on par with
other metals.

Several methods to enhance the ductility have been explored, including minimization of
impurities, texturing the material, and controlling grain growth. Tensile elongation values for
Materion S200F are given in Figure 3.0221a and for Materion S65 in Figure 3.0221e. Figures
3.0222b-h show the effect of various parameters on tensile elongation, including grain size,
impurity content, strain rate and temperature, for Materion S200F, S200E, S65 as well as KBI
and other berylliums (1,3,30,65,68,69). The Materion S65 Be has a ductility which is greater
than the S200F ductility at room temperature as well as temperatures up to 600+°C.

3.023 Compressive properties:

A compressive stress-strain curve using various strain rates with a KBI Be is shown in Figure
3.023a (65).

Compressive yield strength for Materion S200 material as a function of sample orientation is
given in Figure 3.023b. Further compressive properties for a Materion S200 hot pressed material

are given in Figure 3.023c (31,64)

3.024 Hardness:

Rockwell B hardness for Materion S200F is reported as 85.5+0.09 and 85.4+1.2 for the
longitudinal and transverse directions respectively. This is reported to be comparable to
Materion S200E (30).
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3.025 Fracture toughness:

Fracture toughness for Be has been found to be primarily dependent on texture and oxide
content, and to a less degree on grain size and impurity levels. These properties will depend
heavily on the input powder material and the densification process (70).

The average Kic value for Materion S200F has been reported as 8.7+0.3 kpsi*in!? with a
longitudinal stress axis and a radial direction of crack propagation. With a radial stress axis and a
longitudinal direction of crack propagation, the average Kic value has been measured as and
9.9+0.3 kpsisin'? (64). Another source reports 9.2 kpsiein'’? in the longitudinal direction and
11.43 kpsisin'? in the transverse direction, as well as 9.7 kpsi*in'? (longitudinal) and 10.2
kpsisin'? (transverse) for Materion S200E (70,71) The Kic value for Materion S65 has been
reported as 8-11 kpsisin!’2, with no substantial differences between Materion S200F, S200E and
S65 (3).

Fracture toughness values, along with some yield and ultimate strength values, are listed in
Figures 3.025a-e for Materion S200F, S200E, S200D and S65 Be (64,72,73,73,74). A
correlation of Be fracture toughness with tensile properties is shown in Figure 3.025f (72).

Fracture toughness as a function of temperature for Materion S65, KBI CIP-HIP and other
grades are shown in Figure 3.025g-1 (73,75,76). Fracture toughness tests on a high-yield strength
grade of Be block found little effect of sample orientation or temperature to 300°C. Evidence
pointed to crack closure, rather than ductility as the source of crack arrest (75). The effects of
neutron irradiation and temperature aging on the fracture toughness of Materion S200F and S65
Be are shown in Figure 3.025j (77). A reduction in the beryllium fracture toughness was
observed (77).

Effects of BeO content and grain size on hot pressed block are shown in Figures 3.025k (72).

Dynamic fracture toughness values are given in Figure 3.0251 (78), and plane strain fracture
toughness values are given in Figures 3.025m-n (71).

3.026 Friction:

Coefficients of friction for Be plate against Be rod, and plate Be against 1040 steel rod, have
been have been measured by multiple methods and in both wet and dry atmospheres. The values
are reported in Tables 3.026a-c (79).

Pin-on-disk sliding friction tests have been conducted with pyroceram pins against Be and
anodized Be (51). Friction coefficients obtained are shown in Figure 3.026d.

3.027 Fatigue:

Data, along with graphs of stress vs. cycles to failure are given in Figures 3.027a-d for Materion
S200F Be. Smooth fatigue testing gave greater fatigue life in the transverse direction as
compared with the longitudinal direction (30). The opposite was true for notch fatigue testing,
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however, the authors suspected that a surface etching procedure may have complicated the
results (64).

Fatigue life for KBI Be is shown in Figure 3.027¢ (65).

3.028 Creep:

Creep data for Materion S200F Be block is given in Figure 3.028a (63). Using the Larson-Miller
parameter, the time and temperature to produce 0.1%, 0.5% and 1.0% plastic creep at any given
stress can be obtained.

Compression creep data as a function of temperature and stress for Be is shown in Figure
3.028b-c (80,81). At low stresses, the creep stress exponent is close to 1, indicating a diffusional
flow mechanism. Also, the creep rate is proportional to the inverse of the square of the grain
size, and the activation energy for creep is equal to that of self-diffusion in beryllium. At higher
stress levels, the stress exponent is 4.5, the activation energy becomes about twice that of self-
diffusion, and the creep rate is proportional to the inverse of grain size. This is suggestive of a
dislocation glide-climb type of creep mechanism.

3.029 Stress Corrosion Cracking:

Stress-corrosion cracking of Be has been studied most frequently in water and salt conditions.
Figure 3.029 shows time to failure as a function of applied stress for Be in seawater (40). The
failure of the specimens was not attributed to stress-corrosion cracking, but rather to stress-
accelerated corrosion and was closely associated with random pitting. Summarized studies have
not found stress corrosion cracking to occur under the conditions of the studies; pitting has been
observed as a cause of failure in the presence of salts (40).

4. Fabrication

4.01 Single crystal Be

Single crystal Be has been grown using a zone refinement method (7). The zone refinement
method moves a molten zone along the length of a ingot to purify the crystal. The process can be
repeated for considerable purification.

4.02 Polycrystalline Be

4.021 Ore reduction:

Beryllium is produced form the ores bertrandite (Be4Si207(OH)z2) and beryl
(3Be0O+Al203+6S102). The Be is strongly bonded to the oxygen in these ores and therefore a
combination of chemical and mechanical processes are used to extract the metal from the ore.
Primary Be is a “pebble” product from the magnesium reduction of anhydrous beryllium
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fluoride. The pebbles are vacuum melted to eliminate impurities, and poured into molds to form
ingots. This cast material has poor machining and mechanical properties.

The mechanical properties of Be are greatly affected by grain size, as governed by the Hall-Petch
relationship. The smaller the grain size, the larger the strength and ductility of the beryllium.
Since cast products contain large grains, powder metallurgy techniques are used in forming
structural beryllium, which are capable of producing grains similar in size to the starting powder.

4.022 Powder production:

The first step in producing the powder is lathing the ingots into machining swarf. Beyond this
step, the powder production methods vary, including attrition milling, impact grinding, ball
milling and gas atomization. The method used will impact the properties of the final densified
body, particularly if when the processing results in a powder with an anisotropic shape.

During attrition milling, swarf is fed into a mill via a hopper. The mill consists of two Be disks
with radial grooves. One of the disks is stationary while the other is rotated by a fixed-speed
motor. Heat buildup during the attrition process requires that the disks be water cooled, a
procedure that must be carefully performed to minimize oxide formation. Impurities are
removed from the attrited material magnetically, and the powder is then screened to —325 mesh
(<44 pm). Powder >44 um is returned to the attrition mill and the process repeated. Size
reduction proceeds primarily by basal plane cleavage, and therefore in flat particles result. These
flat particles tend to align during packing processes which results in a textured billed after
consolidation.

Impact grinding requires a feed that is finer than the machining swarf and therefore a pregrind
operation is completed. Once preground, the material is placed into a gas stream and impacted
against a Be target. The impacted particles are separated by air into coarse and <44 pm particles.
The coarse powder is sent through the grinding process again. Impact grinding results in a
relatively lower impurity content and a more isotropic particle morphology.

Ball milling is accomplished by placing machining swarf into a cylindrical drum with a liquid
medium and balls for attrition. The cylindrical drum is rotated continuously until the desired
particle size (<10 um) is reached. Ball milling can lead to higher contamination levels from the
containers and balls as well as from the liquid medium.

4.023 Powder consolidation:

Beryllium powder may be consolidated into forms by various powder metallurgy techniques.
These include vacuum hot pressing (VHP), hot isostatic pressing (HIP), cold isostatic pressing
(CIP), cold pressing (CP) and sintering (S), and various combinations of these techniques.
Further processes include coining and plasma spraying. Most commonly used are VHP and HIP;
hot pressed block describes material produced by either of these methods.

For VHP, powder is contained is a leak-tight die. A vacuum is pulled while heat and pressure
are applied uniaxially. Vacuum hot pressing occurs between 1000-1100°C, a temperature range
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just below the temperature at which extensive grain growth occurs. Resultant grain sizes are
approximately equivalent to starting particle sizes. VHP pressures depend largely upon the die
material; graphite dies typically require relatively low pressures, ~1200 psi. VHP densification
depends upon evaporation-condensation, surface diffusion, volume diffusion and creep
mechanisms. Each of these mechanisms is time and temperature dependent, showing increased
rates at higher temperatures. Pressings may last for many hours.

During the HIP process, a leak-tight container is filled with Be powder. The container is then
heated and a vacuum pulled to remove gases. The container is then sealed while under vacuum,
followed by application of temperature and isostatic pressure simultaneously. HIP uses
relatively high pressures and a range of temperatures. Thus, densification occurs much more
quickly, and properties are more easily tailored.

4.024 Machining:

Generally, Be is considered to be easily machinable into intricate shapes with close tolerances.
Machining practices are similar to those for cast iron. Be has a machinability factor of 55%
(with 1113 steel as 100%). Be is relatively soft, but also abrasive so that carbide cutting tools are
generally used.

Be suffers surface damage from machining operations, commonly forming microcracks and
twins. The depth of the damage depends on the severity of the machining process, e.g. the

sharpness of the tool, the rigidity of the setup, as well as the grain size of the material.

4.025 Treatments for removal of machine damage:

Machining can serious degrade the mechanical properties of Be. There are three approaches to
eliminating machine damage: 1) tight control of the machine process, 2) temperature annealing
of the machined part, and 3) chemical removal of the machined surface. A study was completed
on Materion S200E which compared the effectiveness of using the temperature anneal and
chemical etching techniques on mechanical properties. Results of these studies are shown in
Figures 4.025a-b (39). Temperature annealing was found not only to return surface damaged
properties to bulk values, but also to affect other previously unaffected properties. Chemical
etching of 25-50 pm was found to remove the effects of machining damage on mechanical
properties, although damage was still noted visually in micrographs (39). Materion
recommended procedures for etching Be surfaces are given in Figure 4.025c.

4.026 Heat treatment:

A heat treatment may be completed after consolidation to achieve desired properties. The heat
treatment ensures that all low melting point aluminum impurities are contained in the higher
melting point beryllium compound AlFeBes. The heat treatment may also be used to relieve
residual stresses induced during processing and machining. Heat treatment above ~900°C can
cause grain growths which results in generally lower strengths and slightly higher ductilities.
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4.027 Joining:

Adhesive bonding may be used to join Be to itself or to other materials. The surfaces to be
bonded must be exceptionally clean. Adhesive bonded joints are generally not as strong as
brazed joints (63).

Brazing may also be used to join Be to itself or to other materials. The autogenous brazing of
beryllium (i.e. the brazing of beryllium directly to beryllium) is not generally practical due to the
extensive fusion zone cracking that occurs in autogenous joints (83,84). The cause of this
cracking is associated with the presence of low melting point impurities, particularly aluminum.

Braze materials are typically silver, zinc, or aluminum based alloys, each having particular
strength and thermal capabilities. Brazing is considered to be the most reliable metallurgical
joint for Be (63). Figures 4.027a-b are tables of Be joint properties fabricated by braze-welding
and furnace brazing techniques (42). The primary difficulties of brazing beryllium are hot
cracking, cracking at defects, and ductility limitation or thermally induced cracking. Joining can
be improved by control of the Fe/Al ratio in the base metal to reduce hot cracking, minimization
of the BeO content, control of grain size to limit cracks at defects and ductility limitation cracks,
and optimization of the welding process (84).

Electron beam welding, diffusion bonding and the pressurized inert gas metal arc (PIGMA)
process are joining techniques that have been used successfully with Be. The PIGMA process
uses an Al-12 wt% Si filler in the weld zone (85). Fusion welding is not recommended because
of a cast grain structure that develops in the fusion zone (63).

4.028 Coatings:

Coatings may be applied to Be to protect the material from hostile environments or to add
different surface characteristics. Chemical conversion or passivation coatings may be applied by
dipping the material in solution. These coatings have been found to have a beneficial effect on
the resistance of Be to corrosive attack during normal handling and storage. Furthermore, the
coatings have been shown to provide significant protection against high humidity, salt
atmospheres and immersion in water (41).

Coatings are commonly applied electrochemically to Be. Anodized coatings are used for
corrosion protection, typically for corrosive aqueous protection or air oxidation at elevated
temperatures. Plated coatings are used on to provide specific capabilities, such as electrical

contact or wear resistance (41).

Organic paint coatings provide electrical insulation between Be and another metal. The
insulation protects against galvanic attack in the presence of water (41).

4.03 Alloys

The solid solubility of alloying elements in beryllium is relatively limited (86). In the hcp
beryllium structure, only copper, nickel, cobalt, silver, and palladium show a solid solubility of
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more than 1 atomic %, as shown in Figure 4.029a. Because of the small atomic radius of
beryllium and its electronegativity value, no element can form an extensive solid solution with
beryllium, as shown in Figure 4.029b (86)

The phase diagrams of Be-Cu, Be-Ni, and Be-Al are shown in Figures 4.029c-e respectively.

Information on ternary beryllide compounds is given in Figure 4.029f (86). Ternary beryllium
compounds with nonmetals are shown in Figure 4.029g (86).
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Figure 1.021a: Commercial specifications for Materion Corporation S200E standard grade beryllium block.
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Figure 1.021a: Commercial specifications for Materion Corporation S200E standard grade beryllium block.
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Figure 1.021a: Commercial specifications for Materion Corporation S200E standard grade beryllium block.
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Figure 1.021b: Commercial specifications for Materion Corporation S200F standard grade beryllium block.
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Figure 1.021b: Commercial specifications for Materion Corporation S200F standard grade beryllium block.
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Figure 1.021b: Commercial specifications for Materion Corporation S200F standard grade beryllium block.
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Figure 1.021b: Commercial specifications for Materion Corporation S200F Standard Grade Beryllium Block.
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Figure 1.021c: Commercial specifications for Materion Corporation S65 Grade Beryllium Block.
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Figure 1.021c: Commercial specifications for Materion Corporation S65 Grade Beryllium Block.
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Figure 1.021c: Commercial specifications for Materion Corporation S65 Grade Beryllium Block.
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Figure 1.022a: Commercial specifications for Kawicki Berylco HIP-50 structural grade beryllium block.
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Figure 1.022a: Commercial specifications for Kawicki Berylco HIP-50 structural grade beryllium block.
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Figure 1.022b: Commercial specifications for Kawicki Berylco HP-21 structural grade beryllium block.
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Figure 1.022b: Commercial specifications for Kawicki Berylco HP-21 structural grade beryllium block.
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Figure 1.022b: Commercial specifications for Kawicki Berylco HP-21 structural grade beryllium block.
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Material Materion S200D | Materion S200E | Materion S200F Materion S65
Date -1987 1987+ 1987
Form block block block block
Grain Size (um) block <25 <20 <20
Chemistry of Block *see manufacturers’ specifications for measurement details
Be, minimum wt.% 98.0 98.0 98.0 99.0
BeO, maximum wt.% 2.0 2.0 1.5 1.0

Al, maximum wt.% 1.6 1.6 0.13 0.06

C, maximum wt.% 1.5 1.5 0.10 0.10

Fe, maximum wt.% 1.8 1.8 0.15 0.08

Mg, maximum wt.% 0.08 0.08 0.08 0.06

Si, maximum wt.% 0.08 0.08 0.06 0.06
other metallic, maximum wt% 0.04 0.04 0.04 0.04
Particle Characteristics

Grind Method attrition attrition impact impact
Average Particle Diameter 27.0 13.4 11.4

(before pressing) (um)

Maximum Particle Diameter 80 56 50

(before pressing) (um)

Figure 1.031a: Chemistry and starting particulate characteristics for Materion Corporation beryllium.
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Figure 1.031b: Micrograph of Materion S200D (upper left) (1), Materion S200E (upper right) (2), Materion
S200F (lower left) (3) and Materion S65 (lower right) (3).
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Material HIP-50 HP-21 HP-20 HP-10 HP-40 HP-8 CIP-HIP-1
Date 1977 1969 1968 1970 1968 1968 1974
Form block block block block block block block
Grain Size (um) 3.5-5 <25 um <25 um <10 ym <15 um
Chemistry of Block *see manufacturers’ specifications for measurement details
Be, minimum wt.% 98.0 98.0 98.0 98.5 94.0 99.0 99.0
BeO, maximum wt.% 1.6 2.0 2.0 1.2 4.25 (min) 0.9 1.2
Al, maximum wt.% 0.0075 1.5 1.5 0.08 0.16 0.07 0.01
C, maximum wt.% 0.03 1.5 1.5 0.10 0.25 0.10 0.03
Fe, maximum wt.% 0.05 1.8 1.8 0.15 0.25 0.075 0.03
Mg, maximum wt.% 0.003 0.08 0.08 0.08 0.08 0.06 0.006
Si, maximum wt.% 0.0045 0.08 0.08 0.08 0.15 0.06 0.01
other metal, each wt% <0.001 0.04 0.04 0.04 0.10 <0.02 <0.02
Particle Characteristics
Grind Method electrolytic impact impact impact electrolytic
flake flake/
impact

Figure 1.032: Chemistry and starting particulate characteristics for various Kawicki Berylco berylliums.
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Figure 2.011: Density of states curves for beryllium and magnesium (8). Er = Fermi energy.
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Figure 2.012a: Hexagonal crystal structure of Be (54).
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Figure 2.012b: Be lattice parameters as a function of temperature; upper figure (29), lower figure (11).
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Figure 2.014a: (0001) texture neutron diffraction pole figures obtained on Materion vacuum hot pressed
beryllium (15). Grades S200D and S200E were pressed from Braun-type attrited powders and showed strong
(0001) textures. Grade P31664 was hot pressed from impact ground powder and exhibited a weaker and
broader (0001) texture. Four different samples with the hot pressing (longitudinal) direction normal to the
page (left), and two different samples with the transverse direction normal to the page.

Figure 2.014b: Crystallographic textures produced by the hot rolling of beryllium (16). R.D. = rolled
direction, C.D. = cross direction.
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Figure 2.013: Anomalously high increase in the (0001) interplanar spacing at the surface of beryllium (13). Ad
= change in interplanar spacing, do = bulk interplanar spacing, NN = nearest neighbor.
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Figure 2.023a: Thermal conductivity of Materion 200E Be as a function of temperature (21).

Figure 2.023b: Thermal conductivity of four Materion S200D Be samples (Dynatech), and other Be as a
function of temperature (22).
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Figure 2.023c: Thermal conductivity of various grades of Be as a function of temperature (23,24,22,25).

Figure 2.023d: Thermal diffusivity of Be as a function of temperature (26).
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Figure 2.024a: Thermal expansion of single crystal Be as a function of temperature (28).

Figure 2.024b: Thermal expansion of o and B Be as a function of temperature (29). o, = coefficient of linear
expansion along the hexagonal axis; o, = coefficient of linear expansion perpendicular to the hexagonal axis;
avib = coefficient of linear expansion of B Be; av = coefficient of volume expansion.

UNCLASSIFIED 56



UNCLASSIFIED

Figure 2.024c: Thermal expansion of Materion S200F Be as a function of temperature (27).
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Figure 2.024d: Thermal expansion coefficient of Be block and sheet (65).

DENSITY (g/cm?), VALUE
@ TEMPERATURE (°C)
25 1.8477+0.0007
200 1.837
400 1.820
600 1.800
800 1.779
1000 1.756
DENSITY (glcm?), VALUE
@ 25°C and PRESSURE (kg/cm?)
40,000 1.912
100,000 1.955

Figure 2.031: Theoretical density values for Be at various temperatures and pressures (31).
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Figure 2.032a: Electrical resistivity of Materion S200D Be as a function of temperature (22).

Figure 2.032b: Electrical resistivity of Be as a function of temperature (32). Rt = resistivity at temperature , Ro
= resistivity at room temperature, 1 = 99.97% purity, 2 = 98% purity, 3 = 99.97% purity after 10% deformation
and annealing at 900°C for 1.5 hr.

UNCLASSIFIED 59



UNCLASSIFIED

Figure 2.033a: Emittance of Be as a function of temperature (33).
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Figure 2.033b: Emittance of Be from 1116-1473 °K (32).

Figure 2.034: Normal spectral reflectance of Be as a function of wavelength (33).
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Figure 2.041: Vapor pressure of Be from 1172-1572 °K (1).
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Figure 2.0421a: Pourbaix diagram for Be (37).

Figure 2.0421b: Passive and corrosion current density as a function of pH in aqueous solution pH for Materion
S200D (38)
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Figure 2.0421c: Corrosion rates for Be in aqueous and aqueous salt solutions (40).

Figure 2.0421d: Pitting potential as a function of chloride concentration in aqueous salt solutions for Materion
S200D (38).
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Figure 2.0423: Reaction of Be in various organics (43).
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Figure 2.0425a: Reaction of Be in Oz as a function of temperature (31).

Figure 2.0425b: Reaction of Be in Oz as a function of temperature and time (45).

UNCLASSIFIED

66



UNCLASSIFIED

Figure 2.0425c: Reaction of Be in N2 as a function of temperature and time (45).

Figure 2.0425d: Reaction of Be in wet and dry CO2 at elevated temperatures (46).
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Figure 2.0425e: Reaction of Be in several gases at high temperature (40).
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Time, Reaction-Layer Thickness, #

Material days 932 F 1112 F 1292 F

Beryllium~ 7 None 10 43
iron observed

14 8 10 80

28 12 30 228

56 24 40 240

12 24 a0 32

Beryllium-~ 7 b4 44 256

nickel 4 120 60 350

28 204 B4 302

56 210 124 1120

1 180 ¢80 1260

Beryllium=~ « 7 None 12 70
stainless observed

steel 14 11 35 90

28 21 50 140

56 30 66 184

112 56 92 288

Beryllium- 14 - S ¥4

uranium 28 4 10 -

56 2 10 32

8 ¥4 4 14 40

224 -- - &0

254 -- 20 --

1112 F 1292 F 1472 F

Beryllium- 14 None El 20
uo,tad observed

28 2 8 20

56 2 10 80

12 None 80 50
ohserved

224 6 110 140

(a} Also 7 days, 1832 F; 160
Other studies showed that beryllivm does
not react or reacts only slightly with Ta, W,

Cr plate, Cb, Mo, Ti, or Zr~0. 5Mo in vacuum
or COp atmospheres with S10<ppm water at 1022

Figure 2.0426a: Reaction of Be with various solids (47).
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Figure 2.0426b: Reaction of Be with various solids (48).
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Figure 2.0426c¢: Reaction of Be with various solids (48).
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Figure 2.051a: Slow neutron cross sections for Be (10,49,50). The dashed data for the OK temperature data
represents theoretical data. Dashed portions of other curves represent interpolations.

Figure 2.051b: Fast neutron cross sections for Be (31).
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Figure 2.052: Gamma ray absorption coefficients for Be as a function of gamma ray energy (15).
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Figure 2.061a: Specific heat of Be (36,51).

Figure 2.061b: Specific heat of Be (52,26).
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Figure 2.061c: Specific heat of Be (31).
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Figure 2.062: Thermodynamic properties of Be as a function of temperature (31).
Cp = heat capacity at constant pressure

Hr = enthalpy at constant temperature

Ho = enthalpy at 1 atmosphere pressure

Fo = free energy at 1 atmosphere pressure

T = temperature
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Bulk Modulus Shear Modulus Elastic Modulus Poisson’s Ratio
(10'2 dyne cm-?) (10'2 dyne cm-?) (10" dyne cm-?)
1.1158 1.5736 3.2112 0.020

Figure 3.0111a: Elastic properties of single crystal Be at room temperature (56).

Figure 3.011b: Elastic properties of Materion S200F Be at room temperature (57).
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Figure 3.012a: Slip planes in Be (58).

Figure 3.012b: Slip systems in Be (58).
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Figure 3.012c: Critical resolved shear stress for plane slip as a function of temperature (56).

Figure 3.012d: Effects of purity on the critical resolved shear stresses for basal and prismatic slip in Be (56).
The purity is demonstrated by the electrical resistance ratio.
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Figure 3.012e: Effect of solid solution alloying on the critical resolved shear stress of basal slip in Be (56).
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Figure 3.013a: Nucleation of basal cleavage cracks in single crystal Be by (a) bend plane splitting and (b)
dislocation pileup (56).

Figure 3.013b: Effect of alloying with copper on the basal plane crack propagation energy of single crystal Be
(60).
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Figure 3.013c: Basal plane cleavage energy of single crystal Be as a function of temperature (61).
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Figure 3.014a: Variation of Knoop hardness with indenter orientation (62).
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Figure 3.0114b: Hardness as a function of temperature for Be single crystal (62).
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ELASTIC SHEAR SHEAR PRECISION
DIRECTION MODULUS MODULUS RUPTURE ELASTIC LIMIT
(mpsi) (mpsi) MODULUS (kpsi) (kpsi)
longitudinal 4511+1.0 19.51£0.7 43.1£1.9 4.7+0.4
transverse 44.940.7 19.410.4 44.8+1.2 5.0+0.3

Figure 3.021a: Elastic properties of Materion S200F Be at room temperature (30,64).

Figure 3.021b: Elastic modulus (E) and shear modulus (G) of Materion S200F with temperature (63).
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Figure 3.021c: Elastic modulus of Be in tension as a function of temperature (44).

Figure 3.021d: Room temperature Poisson’s ratio for Materion S200F Be (64)
L = longitudinal stress axis of specimen, C = circumferential direction of orthogonal strain
L = longitudinal stress axis of specimen, R = radial direction of orthogonal strain
T = transverse stress axis of specimen, C = circumferential direction of orthogonal strain
T = longitudinal stress axis of specimen, R = radial direction of orthogonal strain
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Figure 3.022a: Stress as a function of strain for Materion S200F (63).

Figure 3.022b: Stress as a function of strain at various strain rates and room temperature for Materion S200E (1).
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Figure 3.022c: Stress as a function of strain at various strain rates and 300°F (upper), 500°F (left) and 700°F
(right) for Materion S200E (1).
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Figure 3.022d: Stress as a function of tensile strain at various strain rates and room temperature for KBI Be
block (65).
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Figure 3.022e: The effect of biaxial stress on yield and ultimate strengths for KBI Be (65).
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Figure 3.0221a: Tensile properties of Materion S200F Be as a function of temperature and sample orientation
(30). L= longitudinal, T = transverse.

Figure 3.0221b: Ultimate tensile strength of Materion S200F and S65 Be as a function of temperature and
sample orientation (3).
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Figure 3.0221c: Ultimate tensile strength of Materion S200E and S200F Be as a function of temperature and
sample orientation (30).

Figure 3.0221d: Tensile 0.2% offset yield strength of Materion S200E and S200F Be as a function of
temperature and sample orientation (30).
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Figure 3.0221e: Ultimate strength and yield strength in tension of Materion S65B Be as a function of
temperature and sample orientation (67).

Figure 3.0221f: Yield stress of vacuum hot pressed Materion S200 Be as a function of temperature and sample
orientation (78).
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Figure 3.0221g: Tensile properties as a function of temperature and neutron radiation dose for Materion S200
Be block (66). Fw = tensile ultimate strength, Fiy = tensile yield strength.
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Figure 3.0221h: Stress as a function of grain diameter for KBI Be (65). d = grain diameter.

Figure 3.0221i: Stress as a function of temperature for KBI Be (65).

UNCLASSIFIED

95



UNCLASSIFIED

Figure 3.0221i: Effects of combined stress loading on the strength of Kawecki Berylco beryllium block (65). o
= stress, L = longitudinal, T = transverse.
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Figure 3.0222a: Elongation of Materion S200F and S65 Be as a function of temperature and sample
orientation (3).

Figure 3.0222b: Tensile elongation of Materion S200E and S200F Be as a function of temperature and sample
orientation (30).
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Figure 3.0222c: Average value of elongation as a function of temperature for several lots of Materion S200E
and other Be (68). L = longitudinal, T = transverse.

Figure 3.0222d: Elongation of Materion S200E and other Be as a function of grain size and temperature (1).
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Figure 3.0222e: Elongation of Materion S200E and other Be as a function of strain rate and temperature (1).

Figure 3.0222f: Elongation of KBI Be block as a function of temperature (65).
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Figure 3.0222g: Elongation of KBI Be block as a function of grain size and BeO content (65). d = grain
diameter.

Figure 3.0222h: Elongation of Be rod as a function of impurity content (69).
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Figure 3.023a: Stress as a function of compressive strain at various strain rates and room temperature for KBI
Be block (65).
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Figure 3.023b: Compressive yield strength of Materion S200F Be as a function of sample orientation at 190°C (64).

Compression Properties

0.2% Yield Strength (psi) 24,600
Proportional Limit (psi) 3,800
Elastic Modulus (10-6) 44 1
Poisson’s Ratio 0.25 + 0.005

Figure 3.023c: Compressive properties of Materion hot pressed powder, measured prior to 1955 (31).
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Figure 3.025a: Fracture toughness values for Materion S200F Be (64). Kic = fracture toughness, LR = stress
applied in longitudinal direction with crack propagation in the radial direction, RL = stress applied in the radial
direction with the crack propagating in the longitudinal direction.

Figure 3.025b: Fracture toughness values for Materion S200D, S200E and S200 hot pressed block (72). The
data has been obtained using differing techniques. K = fracture toughness, Ut = true stress at fracture x true
strain at fracture, GA = gas atomized, WOL = wedge opening loading, SEN = single edge notched specimen.
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Figure 3.025c: Fracture toughness values for several Materion berylliums (73). Kic = fracture toughness, VHP
= vacuum hot pressed, HIP = hot isostatic pressed, GA = gas atomized. L-T = load applied parallel to
longitudinal direction in VHP billet and crack propagation parallel to transverse direction, T-L = load applied
parallel to transverse direction in VHP billet and crack propagation parallel to longitudinal direction.

Figure 3.025d: Fracture toughness values for Materion S200E, along with mechanical and compositional
properties (71). Kic = fracture toughness, Fu = ultimate tensile strength, Fiy = tensile yield strength, el =
elongation, LR = crack plane normal to the pressing direction, RL = crack plane parallel to the pressing
direction.
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Figure 3.025e: Fracture toughness values for Materion S200E, along with mechanical and compositional
properties (74). Kic = fracture toughness, Fwu = ultimate tensile strength, Fry = tensile yield strength, el =
elongation, LR = crack plane normal to the pressing direction, RL = crack plane parallel to the pressing

direction (74).
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Figure 3.025f: Correlation of fracture toughness of hot pressed Be block to tensile properties (72). K = fracture
toughness, L = longitudinal, T = tensile.
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Figure 3.025¢: Fracture toughness as a function of temperature for Materion S200E Be (72).

Figure 3.025h: Fracture toughness as a function of temperature for Materion S65 Be (73).
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Figure 3.025j: Fracture toughness as a function of temperature for KBI CIP-HIP Be (76).

Figure 3.025i: Fracture toughness as a function of temperature for a high yield strength Be block (75).
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Figure 3.025j: Effects of neutron irradiation and temperature on the fracture toughness of Materion S200F and
S65 Be (77).
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Figure 3.025k: Fracture toughness as a function of BeO content and grain size at room temperature for hot
pressed block Be (72). D = grain diameter.

Figure 3.025]: Dynamic fracture toughness as a function of temperature for Materion vacuum hot pressed
S200 beryllium (78).
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Figure 3.025m: Plane-strain fracture toughness as a function of temperature and test direction for Materion
S200 hot pressed block (71). L = longitudinal, T = transverse.

Figure 3.025n: Plane-strain fracture toughness as a function of tensile ultimate strength for Materion S200E
and Materion S65 (71). LR = crack plane normal to the pressing direction, RL = crack plane parallel to the
pressing direction, Fru = ultimate tensile strength.
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Figure 3.026a: Coefficients of static friction at room temperature and wet atmosphere for Be plate against Be
rod and Be plate against 1040 steel rod, obtained by the “opposing horizontal force method.” (79).
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Figure 3.026b: Coefficients of static friction at room temperature and wet atmosphere for Be plate against Be
rod and Be plate against 1040 steel rod, obtained by the “inclined plane method.” (79).
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Figure 3.026¢: Coefficients of static friction at room temperature and dry atmosphere for Be plate against Be
rod and Be plate against 1040 steel rod, obtained by the “inclined plane method.” (79).
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Figure 3.026d: Pin-on-disk sliding friction coefficients for pyroceram on beryllium and anodized beryllium
surfaces (51).
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Figure 3.027a: Room temperature notch fatigue test data for longitudinal oriented Materion S200F Be (64).
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Figure 3.027b: Room temperature smooth fatigue test data for transverse oriented Materion S200F Be (64).
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Figure 3.027c: Room temperature notch fatigue test data for longitudinal oriented Materion S200F Be (30).
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Figure 3.027d: Room temperature notch fatigue test data for transverse oriented Materion S200F Be (30).
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Figure 3.027e: Fatigue properties of KBI block and sheet Be (65).
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Figure 3.028a: Creep data using the Larson Miller parameter to obtain 0.1%, 0.5% or 1.0% creep for Materion
S200F Be (63).

Figure 3.028b: Compression creep rate as a function of stress for vacuum hot pressed Be block (80).
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Figure 3.028c: Creep rate for Be as a function of temperature and stress (81).
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Figure 3.029: Time to failure as a function of applied stress during stress corrosion cracking for sheet Be in
synthetic seawater at 25°C (40).
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Figure 4.025a: Strength as a function of anneal temperature for machine damaged Materion S200E Be (2).
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Figure 4.025c: Materion Corporation recommended etching procedure for Be (82).
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Figure 4.027: Properties of Be braze joints by braze-welding (top) and furnace brazing (bottom) (42).
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Figure 4.029a: Solid solubility of various elements in beryllium (86).
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Figure 4.029b: Comparison of elements to beryllium in terms of atomic radius and electronegativity (86). r12
= atomic radius with coordination number 12.
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Figure 4.029¢: Beryllium-copper phase diagram (86).

UNCLASSIFIED 129



UNCLASSIFIED

Figure 4.029d: Beryllium-nickel phase diagram (86).

UNCLASSIFIED 130



UNCLASSIFIED

Figure 4.029d: Beryllium-aluminum phase diagram (86).
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Figure 4.029¢: Ternary beryllide compounds (86).
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Figure 4.029f: Ternary beryllide compounds with nonmetals (86).
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